ABSTRACT The grape berry moth, Endopiza viteana (Clemens) feeds on wild and cultivated Vitis spp., causing economic damage in the latter. We studied incidence of pheromone trap catch data, and combined this with previous work on development and diapause to construct a comprehensive model of the temporal dynamics of E. viteana. We explored the behavior of this model in six eastern United States locations along Lakes Erie and Michigan, the Finger Lakes in New York, and in Missouri and Virginia. Voltinism of E. viteana is inßuenced by the accumulated growing degree-days before the postsummer solstice photoperiod at which eggs develop exclusively into diapausing pupae. Our model generally predicted two full and a partial third generation in Geneva, NY, whereas partial fourth generations existed in vineyards along Lakes Erie and Michigan. In more southern latitudes, such as Missouri and Virginia, the absence of a partial fourth generation would be rare. Also, our model suggested the presence of clinal latitudinal variation in diapause induction, with southern populations of E. viteana responding to shorter daylengths than northern populations. These predictions, based on average 10-yr surface temperatures (1991Ð2000), are supported by past observations and explain the variability in voltinism from year to year that has been reported in the northeastern United States and Niagara Peninsula of Canada.
from vineyards in Missouri and Illinois. Johnson and Hammer (1912) studied its life history in Pennsylvania and observed Þrst-generation adult emergence beginning in June. Slingerland (1904) suggested bivoltinism with a partial third generation in Chautauqua County, NY, dynamics that were likewise observed in neighboring Erie County, PA (Eyer and McCubbin 1926 , Gleissner and Worthley 1941 , Gleissner 1943 . There are also several early reports of its presence in Ohio (Goodwin 1916) , Delaware (Dozier and Butler 1929) , Michigan (Eustace and Pettitt 1914) , New Jersey (Driggers 1935) , Virginia (Hurt 1941) , and the Niagara region of Ontario, Canada (Saunders 1883 , Garlick 1934 .
A principal buttress to any successful pest management program is a comprehensive understanding of phenology. In E. viteana, despite previous reports on its biology and ecology, its phenology is incompletely understood. After the identiÞcation of the sex pheromone (Roelofs et al. 1971) , traps baited with synthetic pheromone lures became widely used for monitoring E. viteana activity. Using such traps, Biever and Hostetter (1989) reported up to four generations per year in Missouri, whereas Hoffman et al. (1992) observed bi-to trivoltinism in New York State. Hoffman and Dennehy (1989) used a bioÞx date of 1 March and a minimum base temperature threshold of 10ЊC, both of which were arbitrary, to estimate Þrst male trap catches at 150.1 accumulated degree-days, which occurred on Ϸ20 May in the Lake Erie region of New York. They also observed 50% of trap catches at 334.1 accumulated degree-days, or on 11 June.
Some key missing components of past studies have resulted from a lack of information regarding temperature-dependent development, diapause induction, and diapause termination. We have since modeled development , and estimated a minimum base temperature threshold of 8.4ЊC with egg-to-adult development requiring a median of 424 degree-days. We also elucidated the environmental factors that inßuence diapause induction , and diapause termination (Tobin et al. 2002) . Nagarkatti et al. (2001) observed that E. viteana was a "long-day" species in which diapause was elicited by shortening photoperiods (Lees 1955) ; thus, in E. viteana, which overwinters in the pupal stage, the photoperiod at which eggs were laid inßuenced diapause induction. Also, we observed that diapause termination was temperature dependent, with the Þrst adults emerging at Ϸ148 accumulated degree-days from 1 January (Tobin et al. 2002) .
Our objectives for this study were to examine the relationship between adult emergence from overwintering pupae and pheromone trap catch data, develop a phenology model for understanding E. viteana population dynamics, and explore the behavior of this model in distinct geographic locations to improve pest management decisions in cultivated grape regions.
Materials and Methods
First Generation Male Flight. We used Pherocon 1C traps with rubber septa lures, which contained a blend of (Z)-9-dodecenyl acetate and (Z)-11-tetradecenyl acetate (Tré cé Incorporated, Salinas, CA), to monitor male E. viteana seasonal ßight activity at the Lake Erie Regional Grape Research and Extension Center, North East, PA (latitude 42.2 ЊN, longitude 79.9 ЊW, 222.3 m above sea level), in 1996 Ð1998. For convenience, herein we refer to the emergence of adults from overwintering pupae as the Þrst generation. We graphically determined the duration of the Þrst generation, which occurred Ͻ600 accumulated degree-days from 1 January for all three years. We modeled the proportion of Þrst generation male ßight, P m , over accumulated degree-days, DD, using a Gompertz function,
in which r and b are the rate of increase and lag, respectively (Brown and Mayer 1988) . Nonlinear convergence was based on the Marquardt algorithm (Marquardt 1963 ) using PROC NLIN (SAS Institute 1999 . Pheromone traps are useful to growers and extension personnel in monitoring grape berry moth activity, yet trap catch data may not be accurate indicators of ovipositional activity. Because economic injury to cultivated grapes occurs when neonates feed on ßower clusters or burrow into the grape, control tactics against the Þrst generation primarily target E. viteana eggs. Thus, we were interested in comparing the timing of pheromone trap catch data with spring emergence from diapausing pupae (Tobin et al. 2002) . We studied potential discrepancies by examining the length of time in days that elapsed between trap catch data and Þrst generation adult emergence, and compared it with adult longevity (Luciani 1987) . We also measured differences in degree-day accumulation between trap catch data and spring emergence to compare it with thermal preovipositional requirements (Luciani 1987) .
Development and Diapause. Tobin et al. (2001) previously modeled development in E. viteana. Using this same set of data, we modeled the cumulative proportions, P dev , of 338 individuals that completed egg-to-adult development over accumulated degreedays using a logistic model,
in which r and b are the rate of increase and lag, respectively (Brown and Mayer 1988) . Nonlinear convergence was based on the Marquardt algorithm (Marquardt 1963 ) using PROC NLIN (SAS Institute 1999). For comparisons, we also modeled cumulative proportions of development in the egg ϩ larval stages, and pupal stage, over accumulated degree-days using the logistic model (equation 2). We used data on diapause induction to model the proportion of eggs that developed into diapausing pupae over postsummer solstice photoperiods. The logistic model (equation 2) was modiÞed by reversing the signs of the parameters r (i.e., rate of increase) and b (i.e., lag) to allow the proportion to be modeled over a decreasing continuous variable (i.e., daylength). We previously reported our model of diapause termination, in which we estimated Þrst and 50% adult emergence from diapausing pupae at 148 and 190 accumulated degreedays from 1 January (Tobin et al. 2002) .
Phenology. Daily maximum and minimum surface temperatures from 1991 to 2000 were obtained for six representative grape growing regions in the eastern United States (Table 1) . We used temperature data from 1991 to 2000 to reßect recent climatic trends. Temperature data were obtained through the Internet from the National Climatic Data Center (2001). The six locations were (1) Erie International Airport in Erie, PA, which represents regions in Pennsylvania, OH, and New York along the southern coast of Lake Erie; (2) Cornell UniversityÕs Research Farm in Geneva, NY, which represents regions along the Finger Lakes; (3) Holland Fire Department in Holland, MI, which is located Ϸ40 km north of the Michigan State University Trevor Nichols Research Complex in Fennville, and represents regions along the east coast of Lake Michigan; (4) Niagara Falls International Airport, which represents the Niagara region in the U.S. and Canada; (5) MansÞeld, MO, which is Ϸ15 km west of Norwood from where previous studies of E. viteana have been reported Hostetter 1975, Biever and Hostetter 1989) ; and (6) Charlottesville, VA, which represents southern regions. We estimated, for each year, daily degree-days using the maximum- (Baskerville and Emin 1969) and a minimum base threshold of 8.4ЊC , from which we calculated 10-yr degree-day averages. An important issue in considering E. viteana phenology in distinct grape growing regions (i.e., Canada, MI, and Virginia) is linking accumulated degree-days, which mediates development, with postsolstice photoperiods, which govern diapause induction. Thus, the ability of E. viteana to undergo multiple generations could depend on the accumulated degree-days before the photoperiod at which all eggs develop into diapausing pupae. Our phenological model for E. viteana was initialized using our model of emergence from diapausing pupae (Tobin et al. 2002) . For all generations, we assumed a lag of 73 DD, which represents the mean thermal preovipositional requirement (Luciani 1987) , between adult emergence and consequent oviposition. We modeled the timing of different generations over a degree-day scale based on the empirical range (250 Ð 658) and median (424) degree-day requirement of egg-to-adult development. Since photoperiod changes with precession over the course of a year (de Wilde 1962), we then linked the accumulated degree-days from 1 January at each location to photoperiod to construct a relationship between the two environmental factors. We calculated photoperiods for each site based on the year angle, solar declination, and latitude (France and Thornley 1984) .
Results and Discussion
First Generation Male Flight. The cumulative proportion of male E. viteana captured in pheromone traps over the course of the 1996 Ð1998 grape growing seasons is presented in Fig. 1 . The Þrst males across all 3 yr were caught between 155Ð196 accumulated degree-days from 1 January. The Þrst peak for all 3 yr was generally Ͻ600 accumulated degree-days, after which we observed considerable variation among years ( Fig.  1 ). For all 3 yr, the empirical range of 50 and 90% Þrst generation trap catches was 223Ð286 and 372Ð 420 DD, respectively, while the nonlinear regression model (equation 1 predicted 50 and 90% Þrst generation trap catches at 264 and 387 accumulated degree-days, respectively (Fig. 2) .
In comparing our models of adult emergence from diapausing pupae and Þrst generation trap catches, there are discernible differences between the two models, particularly at percentiles Ͼ50% (Fig. 2) . In considering adult longevity, we used the models to predict average calendar dates of Þrst generation events for each of the six representative grape growing regions (Table 2 ). Estimated differences between 50 and 90% adult emergence and the corresponding percentiles for male pheromone trap catches were 11Ð12 and 15Ð18 d, respectively, for all six sites. These ranges are within E. viteana life expectancy, in which males and females, under laboratory conditions, survived an average of 14 Ð20 d at temperatures 15Ð27ЊC (Luciani 1987) . Moreover, Johnson and Hammer (1912) and Gleissner (1943) reported that moths could survive roughly 2Ð3 wk in nature. The mean thermal preovipositional requirement for females was estimated, under laboratory conditions, at 73.4 DD (Luciani 1987) . Using the predicted calendar dates of 50% adult emergence from diapausing pupae and 50% male trap catches (Table 2) , the degree-days that accumulated during this time ranged from 76 to 88 for all sites. Thus, at the 50% level, the models are consistent with both adult longevity expectations and thermal preovipositional requirements. This is also supported by Hoffman et al. (1992) , who reported that pheromone trap catches, although weakly correlated with larval abundance in commercial vineyards, did, however, correspond phenologically with egg deposition.
There was greater discrepancy in degree-day accumulation when comparing 90% adult emergence and 90% trap catches (Fig. 2) , which ranged from 150 to 163 DD among all sites. In this case, the discrepancy could be due to males that are still attracted to traps after successfully mating and consequent female oviposition, or late emerging males that are attracted to traps after the majority of females have oviposited. Regardless, control treatments that target 50% male trap catches, which is predicted to occur at 264 accumulated degree-days from 1 January, is biologically reasonable in terms of adult longevity and thermal preoviposition requirements, and stable over all selected growing locations.
The variation in adult emergence in the spring poses interesting biological questions and challenges to pest management ( Fig. 2 ; Tobin et al. 2002) . This variability may be under genetic control with some individuals having a propensity for longer diapause periods while others have a less intense diapause. Such an adaptation would be ideal in temperate regions that are characterized by high climatic variability, such as in grape growing regions along the Great Lakes. The use of "bet-hedging" strategies has been previously reported, in which Þtness of certain conservative genotypes within a reproductive cohort is maintained during periods of catastrophic mortality caused by abiotic factors, (Bradford and Roff 1993, Carriè re et al. 1995) . Such a strategy also permits "risk-taking" individuals of a multivoltine species to produce the maximum number of generations in favorable years.
Phenology. We used information on the thermal requirements of Þrst generation ( Fig. 2 ; Tobin et al. 2002) , development ( Fig. 3 ; Tobin et al. 2001) , and preoviposition (Luciani 1987 ) to estimate required degree-day accumulations for key phenological events (Table 3) . Because photoperiod mediates diapause induction ), we linked 10-yr averages of daily degree-days with the corre- sponding photoperiod on that date, expressed as the proportion of eggs developing into diapausing pupae (Fig. 4) , and plotted this relationship for selected sites (Fig. 5) . The relationship of the population diapause curves over accumulated degree-days was similar among Niagara Falls, NY, Erie, PA, and Holland, MI; thus, only the dynamics for Erie are shown (Fig. 5) .
Also, the relationship between MansÞeld, MO, and Charlottesville, VA, were also similar and hence, only the dynamics at Charlottesville are shown (Fig. 5) . Third-generation oviposition by E. viteana is predicted to begin at Ϸ1,080 degree-days, with 50% completion occurring at Ϸ1,257 degree-days (Table 3) . For partial fourth generations to exist, the required accumulated degree-days must be obtained before a photoperiod at which eggs develop exclusively into diapausing pupae. In Geneva, NY, in which 10-yr average degree-day accumulations were the lowest (Table 1), and assuming median developing immatures during an average climatic year, the model predicted that oviposition by second generation adults occurs at photoperiods that induce diapause (Fig. 5) . When third-generation adults are ovipositing, Ͼ99% of the eggs would develop into diapausing pupae (Fig. 5) . However, from 1991 to 2000, 1,898 degree-days accumulated during the "warmest" year in Geneva, NY. In this year, our model predicted that when third-generation oviposition was initiated (26 July, 14 h 30 min daylength), roughly one half of E. viteana eggs would have completed development to the adult stage and initiated a partial fourth generation. In six of the remaining years, some second-and all third-generation adults were predicted to produce only diapausing pupae, whereas in three of the years, Ͼ 90% of eggs laid by third-generation adults would develop into diapausing pupae. Thus, partial fourth generations in Geneva, NY, are generally not likely to occur.
For an average climatic year in Erie, PA, a surrogate location for Holland, MI and Niagara Falls, NY, Ϸ95% of eggs laid by third-generation adults would develop into diapausing pupae (Fig. 5) . From 1991Ð2000, the "warmest" and "coolest" years at Erie, PA were 1991 (2,189 accumulated degree-days) and 1997 (1,573 accumulated degree-days), respectively. In 1991, the accumulated degree-days at which third oviposition was predicted to begin was achieved by 18 July (14 h 42 min photoperiod). Approximately 24% of eggs laid on this date would have developed into diapausing pupae whereas the remainder would have initiated a partial fourth generation. In contrast, during the "coolest" year (1997), third-generation oviposition was predicted to begin on 21 August (13 h 29 min photoperiod), and on this date eggs would develop exclusively into diapausing pupae. However, 1997 was the only year from 1991 to 2000 in which degree-day accumulations were low enough to result in no partial fourth generation. Therefore, partial fourth generations are both possible and frequent in Erie, PA, Holland, MI, and Niagara Falls, NY, with the abundance of this partial generation depending on weather variation. Year-to-year climatic variation can thus explain E. viteana voltinism, and this knowledge has much value in pest management. For example, grape growers in the Lake Erie Grape Belt have commented on the variation in levels of late season damage by E. viteana. This study should assist growers in the timing of control treatments and help them to determine if late season treatments are necessary given their local climatic conditions. In Charlottesville, VA, a surrogate location for MansÞeld, MO, Ϸ47% of third-generation eggs would initiate diapause (Fig. 5) , making partial fourth generations in these locations expected in average climatic years. Extrapolation of our diapause model (Fig.  4) was limited to the empirical range of our observations, which suggested that the Þrst pupae that entered diapause developed from eggs laid on 2 July; hence, the curve for Charlottesville, VA (and likewise MansÞeld, MO) appears incomplete. At the North East, PA, latitude of 42.2 ЊN, from where we developed our diapause model ( Fig. 4 ; Nagarkatti et al. 2001 ), population-level diapause induction followed a gradient between 15 and 14 h photophase. At latitudes Ϸ37Ð38 ЊN, such as MansÞeld, MO and Charlottesville, VA, photoperiods of Ϸ14.6 h are obtained at the summer solstice. This results in a discrepancy in our model for southern locations (Fig. 6) , suggesting clinal latitudinal variation in diapause induction. Southern and northern populations of E. viteana may thus respond differently to decreasing photoperiods. Such a phenomenon is not new in insects (e.g., Danilevskii 1965 , Tauber et al. 1986 , and more work is needed to measure the relationship between diapause induction and photoperiod in southern populations of E. viteana.
If clinal latitudinal variation does exist in diapause induction, our model predictions for southern populations of E. viteana are conservative. When such a phenomenon exists, insect populations in more southern latitudes generally are induced into diapause at shorter daylengths so that generations are extended (Ruberson et al. 2001) . Thus, though intriguing, clinal latitudinal variation would nevertheless allow partial fourth generations in southern E. viteana populations; thus, in grape-growing regions such as Missouri and Virginia, the absence of partial fourth generations would be rare. Even in the "coldest" year in Charlottesville, VA, and assuming a conservative photoperiod response curve, Ͼ12% of third-generation eggs would have still been expected to complete development to the adult stage. In fact, depending on the diapause response curve, it may be possible to achieve partial Þfth generations of E. viteana in the southern United States, particularly when temperatures exceed normal values. In 1998, for example, 2,981 degree-days accumulated in Charlottesville, and third-generation oviposition was predicted to begin as early as 29 June in that year.
Our model corresponds well with Þeld observations. Past reports on E. viteana seasonality indicate much variation from year-to-year, even within the same geographic location. For example, Hoffman et al. (1992) noted trivoltinism in New York State vineyards in 1987, but only bivoltinism the following year in the same vineyards. Moreover, in grape growing regions along the Great Lakes in the United States and Canada, several researchers have noted year-to-year variation in voltinism, from 1.5 to 3.5 generations (Ingerson 1920 , Gleissner 1943 , Taschenberg 1945 , Roberts and Simpson 1982 , Luciani 1987 . We submit that much of the variation can be explained by degree-day accumulation that moderates development before the postsummer solstice photoperiod at which only diapausing pupae are produced. When using 10-yr averages, partial fourth generations can occur along Lakes Erie and Michigan in unseasonably warm years, whereas partial fourth generations occur fairly consistently in Missouri and Virginia. Because our model currently addresses the role of abiotic factors on phenology, future research should also consider the role of biotic factors, such as host plant phenology and variety, which have been shown to inßuence the development of European berry moth, Lobesia botrana (Denis and Schiffermueller) (Lepidoptera: Tortricidae) (Stavridis and Savopoulou-Soultani 1998) . 
